Construction and characterization of an inflatable mirror prototype made out of flexible polymeric membranes are being presented. Surfaces were curved by imposing a slight excess of air pressure. Lightweighted, lowcost, and commercially available materials were selected in order to produce solar concentration elements at competitive prices. In this sense, large-area, image-forming mirrors with low optical acuity were achieved by concentration purposes. Optical characterization of the mirror's shape at a given pressure or curvature radius was done by means of a structuredlight technique with a resolution of 0.1 mm finding a conical shape acquired by the inflated mirror as the best approximation. Concentration ratio achieved for a focal length of 5068 mm was of 25.1 suns, making a promising approach for lowering initial investment costs in applications such as hot-water, parabolic dish with Stirling engines, or concentrated photovoltaic electricity generation.
Introduction
Manufacturing an inflatable mirror requires two thin circular membranes that are sealed at their periphery and secured in a tension ring and injecting a certain amount of pressurized air between them sufficient to produce the focal ratio required for the mirror [1] . Inflatable mirrors have been used for various applications where low image sharpness is sufficient, such as microwave antennas and solar energy concentrators, not being used for optical imaging, where high acuity is required. Due to the fact that the profile of the inflated membrane is neither spherical nor parabolic, but instead an oblate spheroid, which is expressed in terms of a power series, called Hencky curve [1] , this oblateness produces a spherical aberration, and a secondary optic element would be needed in order to compensate for such aberration resulting in a Cassegrain configuration.
By developing a thickness variable membrane theory [1] , it was found that a radial thickness variation or a parabolic thickness profile of the membrane corrects the Hencky effect to achieve the shape of the inflated mirror, a paraboloid, in further studies on variable thickness membranes for inflatable mirrors [2] , showed that the RMS error [3] of deployable optics can be reduced to allow image formation in visible bands and by limiting the effective optical surface area it can be used as a primary mirror in the infrared bands for astronomical telescopes.
Nowadays there is growing interest in the construction and study of concentration systems of solar radiation for thermal or electric energy production. Based on Bishop and Rossow's solar irradiance map, theoretically there are six collecting points of 151 km 2 on average each one would be enough to generate the total primary energy supply used by humankind [4, 5] . Various point-like, line, and unfocused geometries have been used for concentration of solar radiation [6] . Particularly, solar parabolic dish concentrators offer the highest thermal and optical efficiency compared with all of solar concentrators demonstrated to date and allow higher concentration ratios, with a theoretical limit of 46,000 for an ideal specular reflecting surface [7] ; however, they have much higher costs per unit area compared to linear systems [8] , costs that rapidly increase with increasing reflector quality [9] .
A solar concentrator constructed with inexpensive mirror facets and light-weighted structure can be a lower cost alternative to be used in concentrated solar thermal power applications. This is because current technologies use heavy special steel structures and expensive glass mirrors, not commercially available for smaller-scale applications.
Inflatable circular mirrors with pneumatically curved surface, supported on light structures, and built with flexible polymer membranes could be a low cost alternative to use in concentrated solar power. One of such mirrors is sketched in Figure 1 , which corresponds to our design.
A few decades ago, aluminized polyester films have being attractive for manufacturing mirrors because of their high optical quality and low cost [9] ; but cost saving in solar concentrators requires research, design, and development in areas such as evaluation and selection of materials, coupling membranes, and design of the supporting structure [10] .
Eagerly trying to cut costs in concentration systems of solar radiation, faceted arrangements have been developed. In this way, a model of truncated parabolic dish with 164 facets was built, with an average concentration ratio of 108 suns, which could produce 8.15 kW heat in the focal plane which was built [11] . Another model of solar concentrator was made of ellipsoidal aluminized polyester mirrors membrane facets distributed on a paraboloid structure. In this last study they reached high values of solar concentration on the order of 8199 suns, reporting efficiencies in electricity production of 25% and higher [12] . In the latter technique used to make mirrors, they use polyester membranes prestressed and clamped between two elliptical rings that afterwards were curved into the shape of a mold by vacuum negative pressure application. On space applications, a photovoltaic array or the high-temperature end of a dynamic engine is other examples for inflatable membrane mirror application [13] .
Mirror Manufacturing
In order to construct the concentrating mirror, flexible polymeric membranes of high reflectance and high transmittance were used as well as commercially available materials and tools, being primarily metallic polyester commercially known as Mylar, transparent polycarbonate, and galvanized metal pipe.
Through the process of cold rolling, a 3000 mm in length and 12.52 mm in diameter conduit pipe is bent into the form of a ring of 820 mm in outside diameter. After the excess is cut the inner ends were mechanically jointed through copper tubing 12.52 mm in diameter and 50 mm in length. This process can be seen in Figure 2 (b). Ray tracing free software SolTrace [14] was used for functional simulation of the mirror and concentration ratio evaluation, Figure 2 .
Unlike the design technique used to construct mirrors with curved polyester membranes using vacuum pressure [12] , in this work the membrane becomes curved by positive pressure application. In both approaches a closed environment is required. Two circles of 830 mm diameter, one of 0.05 mm thick Mylar film and one of polycarbonate 0.15 mm thick, are placed to form a sandwich, leaving the metallic coating inside. A curing adhesive film with UV light is applied at the edges for bonding both membranes. After that, we performed a thermal cutting in order to eliminate a ring of 5 mm wide along the perimeter. This procedure also helps to thermally bind both membranes, sealing them together.
In order to assembly the mirror, first the membranes are mounted on the metal ring by a set of twelve equally distributed or equidistant points along the circumference of the ring; then with low-adhesion tape the sandwich membrane is stuck, alternating diametrically opposite points and applying slight tension to avoid deformation. Having done this, we proceeded with a high-adhesion metal tape International Journal of Photoenergy to fix the entire perimeter of the membranes on the ring; a higher tension in each section that covers the tape must be applied in order to do so. Air was injected through a valve placed in between both membranes at low pressure up to 48 Pa, in order to reach the required radius of curvature. The radius was monitored by measuring the sagitta or the height ℎ of the metallized membrane, as measured from the level of the edge of the ring.
Proposed Method for Optical Testing of the Mirror
Having manufactured the prototype, and once checked for perfect sealing, we proceeded to perform the optical characterization of the lenticular geometry of our mirror. For this, we used a geometric optical test based on optical triangulation with structured light [5] . It consists in projecting a line of laser light on the metalized surface of the membrane mirror; the laser beam is projected to an angle relative to the horizontal plane ( -plane) and a charge-coupled device (CCD) camera of 15 Mpx observes the projection of the line on the reflecting surface from above ( Figure 3 ). The intersection between the laser beams with a horizontal plane would define a line. However, as the air contained within the sandwiching membranes rounds up the reflecting surface, the intersection of these surfaces with the laser beam gets distorted. The deviation from the ideal line defined by two intersecting planes is proportional to the local elevation of the surface with respect to a horizontal plane of reference passing through the borders of the supporting ring [6] . These elevation changes are observed in the image plane at the CCD camera as lateral displacements (measured in pixels). The line that makes contact with the surface is distorted due to changes in height Δ above the reference plane.
The expression of these lateral displacements associated with changes in height Δ (in mm) is determined by
where , , and are parameters depending on the optical system. The parameter is the distance between the diaphragm pinhole and the plane of the camera sensor, is the distance between the diaphragm pinhole and the reference plane, is the lateral displacement of the laser line in the image plane of the camera, and is the angle at which the laser line is projected. The projection is performed on the radius of the mirror at the reference plane and for a complete reconstruction of the mirror surface an angular swept was performed, rotating the mirror about its optical axis.
The parameter is determined using the lens equation by means of approximation:
where is the diameter of test mirror. The resolution at which the lateral displacements are measured is determined by the minimum displacement that can be observed by the camera, which is about one pixel. The parameters for the evaluation mirror surface are presented in Table 1 .
The expression used to determinate the resolution is (1), where (mm) = [(1 pixel)(sensor size (mm))]/sensor size (pixels).
A direct compute result in a resolution of 0.17 mm with the parameter used in the test. See Table 1 .
Experimentation Testing of the Mirror
The experimental determination of the shape of the mirror surface was performed by mounting an optical triangulation setup, consisting in a laser sheet projection system using a solid-state laser (0.9 mW, 635 nm) with a cylindrical lens; a double-membrane inflatable mirror as the testing object; and a CCD camera (Canon DS126291) for image capture and their posterior analysis. The mirror is mounted onto a rotating base driven by a stepper motor (Applied Motion HT34-506D-YAA). The laser line is projected on the half-mirror surface of the membranes at an angle of inclination . The camera captures an image and the distorted line by changes in height in the region of the surface is measured in pixels by the camera. Hence, (2) determines the coordinate of the point on the surface. These lateral motions are measured pixel by pixel on the captured image that is along the line image on the sensor ( -axis). For full reconstruction, 200 steps per revolution took place (1.8 ∘ per step); that is, 200 images were captured and processed. The experimental arrangement is shown in Figure 4 .
We carried out the evaluation process in a dark room isolated from outside stray light, so that the image processing can be performed under the same threshold value. Figure 5 shows the image where multiple reflections of the laser line are clearly observed. The line labeled "a" corresponds to the first reflection of the laser line impinging on the transparent polycarbonate layer. Line "b" corresponds to the line reflected on the Mylar surface and is the one considered in this work in order to determine the mirror's shape. Finally, line "c" is the reflection of line "a" on the Mylar surface. The beam projected onto the metallized surface is the central beam "b." This is relevant to the processing of each image. 
Image Processes. Each resulting image was independently
processed by means of a developed program on MATLAB software, in order to determine the intensity centroids for each light line. For doing so, the image was converted to grayscale, using the "rgbgray" feature and smoothed by a Gaussian filter with the "IMFilter" function. Then, the resulting image was binarized to separate the image of the laser line projected and background using the "im2bw" function and an appropriately defined threshold value. Finally, the resulting image centroid estimation was performed for each row of the image. Having estimated the centroids, displacements were determined with respect to a reference coordinate; in our case, the center point of the sensor is the origin of coordinates for the and axes of the image plane. Using (2), we obtained the coordinate of the corresponding height at that point.
Coordinates and were obtained by converting the coordinates of the centroids to polar coordinates. The graph in Figure 6 is the set of points in the plane. A total of 242,746 points on the surface were evaluated, covering an area of 502,613.27 mm 2 on the mirror, testing a 99.9% of the surface mirror.
Fitting Data Results.
A reconstruction of the threedimensional surface is shown in Figure 7 . To determine which surface fits the best, the set of points obtained in the measurements was adjusted with the method of least squares to the equation of a conic surface [15] of the form
Here, is the paraxial radius of curvature, = + 1 ( is the tapering constant of the surface), 0 , 0 , and 0 are the coordinates of the vertex, and and are the inclination terms of the surface.
Other models for comparing the best fit are made using the paraboloid surface and the spherical surface. The parameters obtained are presented in Table 2 . The results obtained show that the surface that best fits the data set belongs to a conic surface, even though it is pretty close to a spherical surface, Figure 8 . The standard error estimated is of the order of 0.151729 mm, with a standard deviation of the differences between the best fit and the data set of 0.151736.
Discussion
In this inflatable mirror made of flexible polymeric membranes both membranes, the reflecting one and the transparent one, were mounted on a metallic ring that keeps both membranes under tension, while being smoothly curved by pneumatic pressure and simultaneously giving structural rigidity to the system. Pneumatic pressure was provided by injecting air at low pressure, allowing the mirror to acquire a lens-like shape. Costs for constructing these 800 mm diameter mirrors are approximately USD 20.00 each. Durability was tested by leaving inflatable mirror at outdoor conditions for at least 9 months. There were no noticeable changes until the sixth month, when the adhesive of the sealing tape was affected by UV radiation. Once the system was inflated to a given curvature radius, the pressure was kept constant for several days so a minimum air refilling is needed. Controlling the volume of air within the mirrors membranes could help to keep a constant focal distance of the mirror recalling adaptive optics. It should be remarked that the large volume of air contained in between the mirror membranes allows small changes of focal length due to ambient temperature changes and very accurate control of the curvature radius.
We would like to remark on some important features of our mirrors. First, the mirrors are cheap, are easy to manufacture, and are image-forming elements, as can be seen in Figure 9 . Nevertheless, they were designed for solar concentration purposes; hence, they easily reach concentration ratio values of 25.1 suns at a 5 m focal length. They have a reasonably good optical quality, presenting different kinds of aberration. Of course, spherical aberrations are present because the mirror's curvature is acquired by pneumatic pressure (Pascal's law leads to an isotropic stress, which in turn produces spherical surfaces). Another kind of aberration arises because it is a second-surface mirror and the first surface has the curvature radius with opposite sign to the second one. This means that multiple reflections within the first and second surfaces will produce sequentially a set of images at decreasing distances. The last effect is due to small manufacturing defects of the polymeric membranes or during the stretching process when mounting them on the ring edges. This mounting process requires uniform and isotropic stretching of the membrane, which is hard to achieve manually. These nonuniformities give rise to some small wrinkles that, once inflated, will produce borders between sectors of the membrane. Such sectors usually have the same curvature radius, but their optical axes point towards different centers of curvature, producing partially overlapped images or a resulting blurred image of the whole mirror. Furthermore, different stretching coefficients in different directions of the membrane (anisotropic structure of the stretching film) would lead to astigmatic mirrors when inflated. Astigmatism induced by different stretching in two orthogonal directions can be seen in the reconstruction of the surface made by our structured light technique when compared to the best fitting curve shown in Figure 7(b) . For the -identity straight line, most of the measured coordinates of the measured surface lay over the best fitting surface, while for the orthogonal direction most of the measured heights lay below the fitting surface. This astigmatism was corroborated by the elongated shape of the Sun's image shown in Figure 9 resulting from two different focal lengths, corresponding to two different curvature radii of the mirror surface along two directions. All these detrimental features can be worked systematically in order to correct each aberration if the mirror is intended for higher quality systems, such as solar furnaces or even telescopes.
A thermal-performance test of a single-mirror system and a naked receiver shows an efficiency of 37% for lowtemperature applications, such as domestic water heating, food industry, or laundry processes, which represent a broad niche market [17] , both on solar thermal collector). In other feasible applications of fluid heating by solar power, as well as applications in sterilization, pasteurization, drying, hydrolyzed, cleaning, polymerization, distillation, and evaporation [18] , inflatable mirrors represent a promising approach as well. Even though these mirrors are second-surface reflectors, their performance for concentration purposes is very good and helps to reduce the size and weight of the otherwise thick supporting rings, if negative pressure is intended to be used in order to produce first surface mirrors.
Yet, using an array of seven mirrors hexagonally arranged allowed us to reach concentration factors of 87 suns, as shown in Figure 10 , keeping costs below USD 200.00 and weights under 15 kg. This paves the way to high-temperature (higher concentration ratios) applications, such as Stirling engine-parabolic dish or Rankine cycle electricity generation schemes [13] , as well as using high-efficiency refrigerated photovoltaic cells under concentrated solar radiation.
Conclusions
Cheap, good optical quality inflatable membrane mirror was built. Surface shape characterization was done using Figure 10 : Prototype, hexagonal distribution array using seven inflatable membranes mirror. structured light techniques with resolution better than 1 mm. Fitting measurements to a conical curve gives parameter values corresponding to spherical-sector mirrors, instead of a Hencky surface (oblate spheroid sector). Concentration ratios of 25 suns are easily achieved with a single mirror, while, using a sevenfold array, 87 suns are reached. Thermal efficiency of a simple system of one mirror and a naked receiver was determined as being higher than 37.51% in spite of being used in second-surface configuration. Manufacturing costs and large durability of these light mirrors considered together with their performance and energy costs from fossil fuels (including natural gas) make inflatable mirrors promising in applications ranging from domestic water heating to Stirling-parabolic dish electricity production, if faceted arrays of these light weighted mirrors are used.
